Van der Waals (VdW) molecules, which are bound by long-range dispersion interactions, represent the most weaklybound form of molecular matter [1] . Of the diatomic VdW molecules, those containing helium -the most chemically "inert" of the noble gases -are the most weakly bound. There is much theoretical interest in the study of diatomic molecules involving helium, including questions over their existence [2] [3] [4] . To date, the only ground-state helium diatomic molecule that has been directly detected in the gas phase is He 2 [5] [6] [7] .
Kleinekathöfer et. al. [3] predict that for all 4 He-Alkali diatomic molecules, there exists a single bound rovibrational state in the X 2 Σ ground electronic state. 7 Li 4 He is predicted to have a bond length of r ∼ 28Å, and a binding energy of 0.0039 cm −1 [3] . These numbers are comparable to 4 He 2 [6] , despite the significantly smaller well depth of 7 Li 4 He [8] .
Experimentally, VdW molecules have been investigated through a variety of techniques. Supersonic expansions have produced argon and neon-based VdW molecules for spectroscopic studies, as well as helium bound to large molecules [9] . Excited-state helium VdW molecules have been observed in liquid helium [10] , in dense helium gas [11] [12] [13] , and in superfluid helium nanodroplets [14, 15] .
Brahms et. al. observed that helium buffer-gas cooling would provide a favorable environment for forming groundstate helium VdW molecules, and demonstrated indirect evidence for the formation of Ag 3 He [16] . Following this work, we have prepared high densities of cold lithium atoms in a cryogenic helium gas, in order to create LiHe molecules through three-body recombination:
Li + He + He ↔ LiHe + He
We have spectroscopically detected the LiHe molecules produced, measured their equilibrium properties, and measured the binding energy of the ground state.
In thermal equilibrium, the expected density of LiHe is given by
where n is the density of the given species, µ is the reduced mass, T is the temperature, and g i and i are the degeneracies and binding energies of the LiHe bound states [16] . Clearly, the formation of detectable quantities of LiHe is favored by high lithium and helium densities and low temperatures. All three are achieved with cryogenic helium buffer-gas cooling of atomic lithium produced by laser ablation [17] . We note that the exceptionally low binding energy of lithium to helium makes the formation of LiHe less favorable than many other helium VdW molecules [18] . We chose to search for LiHe due to our group's prior experience working with atomic lithium [17] , prior theoretical work on the structure of the LiHe molecule [3, [19] [20] [21] [22] , and because atomic lithium's D transition is easily accessed with diode lasers.
The experiment is conducted in a cryogenic cell, identical to the apparatus described in Ref. [17] . The cell temperature is monitored by a ruthenium oxide resistor and a silicon diode. The helium density in the cell is determined from a room temperature pressure gauge connected to the cell through a thin tube, and from the cell temperature. We correct for the thermomolecular pressure ratio with the Weber-Schmidt equation [23] . The uncertainty in the helium density is approximately ±20%.
Gas-phase Li is produced by laser ablation of solid target of 99.9% pure Li (of natural isotopic abundances) with a frequency-doubled Nd:YAG laser. The Li atoms are detected by laser absorption spectroscopy on the D 1 transition at 671 nm [24, 25] . Due to the high atomic densities employed in the experiment, we typically measure the atomic lithium via the less-abundant 6 Li isotope. The probe power is 1µW, with a beam diameter of a few mm. (At powers 1 µW, we observe optical pumping of the Li atoms, which makes accurate measurements of density difficult). The helium buffer-gas density ranges from 2 × 10 17 cm −3 to 1 × 10 18 cm −3 . We are able to produce Li densities up to 10 11 cm −3 , with ablation energies of tens of mJ. The ablation pulse momentarily increases the temperature of the gas [26] , so we directly measure the translational temperature of the gas through spectroscopy of the atomic 6 Li; under our conditions Doppler broadening is observed to be the dominant broadening mechanism.
Typical Li lifetimes in the cell are on the order of 10 −1 s. We note that the lithium density as a function of time is not described by simple exponential decay; this is commonly seen in buffer-gas cooling experiments at high helium density [27] . To avoid complications due to this complex behavior, we measure Li and LiHe simultaneously.
LiHe molecules are detected by laser induced fluorescence (LIF). The LiHe probe beam power is in the order of a few mW, with a beam diameter of a few mm. We note that the LiHe probe beam is spatially overlapped with the Li probe beam to within 3 mm. This overlap is important, as the density distribution of Li throughout the cell is expected to be nonuniform [17] . The LIF signal is observed using a Si photodiode. To calibrate the frequency of the LiHe probe beam, part of the beam is split off and sent through a 100 mm-long iodine cell at 300 K [28, 29] , and another beam is sent through a Fabry-Perot cavity so that the laser scan can be linearized. The LiHe LIF and the iodine signals are shown in Fig. 1 ; the frequency is calibrated from the iodine signal. We note that we see no evidence of pressure shifts (or pressure broadening) over the density range explored in this experiment, to within our experimental error of 0.004 cm −1 in absolute frequencies. The spectrum is quite simple, due to the structure of the ground state of LiHe, which is predicted to have only a single bound rovibrational state [3] . As seen in Fig. 1 , we observe two pairs of lines separated by 0.1774±0.0025 cm −1 . The splitting of each pair is the same to within our experimental error, with an average value of 0.0276 ± 0.0004 cm −1 . We attribute the larger splitting to the excited state structure, and the smaller splitting of each pair to the hyperfine structure of the ground state, as shown in Fig. 2 . We note that the measured ground state hyperfine splitting is within 2σ of the atomic 7 Li ground state hyperfine splitting. Due to the extremely weak binding energy of the molecule, we would expect the hyperfine splitting to be unchanged at the level of accuracy of our measurement. From this hyperfine splitting and the rotational structure of the excited state (discussed below), we identify the molecule as and B 2 Σ . We construct simple model potentials for the A 2 Π and B 2 Σ states of LiHe using the Buckingham potential formula for each:
The long range coefficients C 6 as taken from the calculations of Zhu et. al. [20] , and C 1 and C 2 are determined by fitting to the potentials calculated by Behmenburg et. al. [19] . We first performed single-channel calculations of the energy levels of the A 2 Π and B 2 Σ model potentials. No bound states were found for the B state, while the A state supported multiple vibrational levels. Unfortunately, these single-channel calculations (which omit mixing of the A and B states, and do not include the lambda doubling), do not reproduce the observed splitting to within the experimental error.
Subsequently we performed coupled channel calculations using the discrete variable representation of Colbert and Miller [30] . The calculation included the A 2 Π and B 2 Σ potentials as described above; the rotational Hamiltonian [31] ; and the fine structure Hamiltonian AL·S [31] , with the assumption that the fine-structure constant A is unchanged from its atomic value [25] . The C 1 coefficient of the A 2 Π potential is modified to shift the position of the last energy levels to match our data, with the assumption that the ground-state binding energy is negligible. The coupled-channel calculation gives an energy-level structure as shown in Fig. 2 ; the parity was determined from the eigenfunctions [32] .
We note that -once the A 2 Π potential is shifted to give the proper binding energy -the wavefunction is not sensitive to the inner part of the potential, and determined primarily by C 6 and the binding energy. However, the lambda doubling is sensitive to the exact form of the B 2 Σ potential: both to the choice of which theoretical potential we use [19, 21] , and whether we fit it to a Buckingham or Lennard-Jones model potential. We find the splitting between the negative parity J = 1/2 and the lower J = 3/2 states is 0.180 ± 0.005 cm −1 ; the error is estimated from the different results obtained for different B 2 Σ model potentials. This is in quantitative agreement with our measurement. From this agreement, we conclude that we are observing the 7 Li 4 He molecule, and not lithium bound to a helium cluster.
The calculation indicates that a higher-lying J = 3/2 state is also bound, as shown in Fig. 2 , which would give rise to a transition roughly 1 cm −1 blue-shifted from the J = 1/2 transition. No such transition is observed in the experiment. We suspect this is because the molecular transition is too close to an atomic lithium transition.
We measured the LiHe signal as a function of n Li , n He , and T . The LiHe optical density (OD) as a function of the Li OD is shown in Fig. 3 , at fixed T and n He . We note that the OD's are proportional to the molecular and atomic densities, respectively. The 7 Li OD is calculated from the 6 Li absorption signal and the known isotopic abundances [24] . To determine the LiHe OD from the LIF signal, we calibrate the LIF with absorption spectroscopy.
As seen in Fig. 3 , the LiHe density is linearly dependent on the lithium density, consistent with Eq. 1 and thermal equilibrium. Moreover, the relation between the Li and LiHe densities is measured to be independent of the observation time, indicating that the equilibration of the Li and LiHe populations occurs on a timescale fast compared to diffusion. Having established a linear relationship between n LiHe and n Li , we then measure the ratio n LiHe /n Li at different helium densities and temperatures. As per Eq. 1, we expect the ratio to increase linearly with the helium density. This is consistent with the data as shown in Fig. 4 . 7 Li OD as a function of helium density at temperatures from 2.5 to 6 K. Missing from the horizontal error bars is an additional 8% uncertainty from the uncertainty in our helium fill line diameter.
The ratio's dependence on temperature is more interesting, as the form of Eq. 1 allows us to measure the binding energy. Our measurements of n LiHe /n Li as a function of temperature are shown in Fig. 5 , over a temperature range from 1.6 to 5 K. The lower end of the temperature range is limited by the base temperature of our cryostat and ablation-induced heating. At higher temperatures, our signal-to-noise suffers due to low LiHe densities. The data is fit to Eq. 1 with the assumption that there is only one bound rovibrational state: n LiHe /n Li ∝ T −3/2 · e /k B T . By fitting the data in Fig. 5 and similar data taken at other He densities, we measure the ground state binding energy of LiHe to be 0.024 ± 0.025 cm −1 . This is consistent with the calculated binding energy 0.0039 cm −1 . Lower temperatures would improve measurements of the binding energy, but buffer-gas cooling temperatures are limited by the vapor pressure of helium. One might expect that the binding energy could be measured spectroscopically by comparing this data to photoassociation (PA) spectroscopy. Unfortunately, the PA signal is expected to be small under our experimental conditions, and the PA linewidth would be expected to be on the order of 1 cm −1 [33] . While this is convenient for distinguishing the observed bound-bound signal from PA, it precludes making accurate spectroscopic measurements of the binding energy in the current system.
We note that in the measurements presented here, the population of LiHe molecules was in thermal equilibrium. In addition, no optical pumping was observed for the LiHe probe beam intensities employed in this work. This is not surprising, as we operate at high helium densities and the three-body recombination rate coefficient is expected to be very large [4, 18] . In future work we hope to measure the three-body recombination rate coefficient by using a higher-intensity optical pumping beam to dissociate LiHe molecules, and then watch them reform by three-body recombination. We gratefully acknowledge helpful discussions with Nathan Brahms and Thad G. Walker which inspired this work. We gratefully acknowledge helpful discussions with Eite Tiesinga which guided our calculations of the structure of the excited state of LiHe. This material is based upon work supported by the National Science Foundation under Grant No. PHY 0900190.
